The multisubunit yeast transcription factor IIIC (TFIIIC; also called x) can undergo considerable conformational changes upon binding to the A and B blocks of tRNA genes. After binding to DNA encoding tRNA (tDNA), TFIIIC acts as an assembly factor to recruit an initiation factor, TFIIIB, via its x131 subunit. We have cloned the gene encoding the x131 subunit and named it TFC4. This gene is unique, essential for cell viability, and encodes a Mr 120,153 protein.
ence of a single x131 subunit in TFlIIC-tDNA complexes. 7131
contains two sequence motifs, accounting for nearly one-half of the protein mass, that may provide a molecular explanation for the properties of TFMIIC-tDNA complex. A series of 11 copies of the tetratricopeptide repeat motif may account for the flexibility and interaction properties of TFIIIC. A motif akin to the basic helix-oop-helix motif of MyoD suggests the direct involvement of 7131 in promoting DNA binding of TFIIIB.
Transcription factor IIIC (TFIIIC) is a large protein complex that is responsible for the first step of tRNA gene (tDNA) activation in eukaryotes. TFIIIC recognizes the two intragenic promoter elements, the A and B blocks, with remarkable flexibility since it can accommodate variable spacings and therefore variable relative helical orientations of these two elements (1, 2) . The polypeptide composition of TFIIIC has been investigated by several groups (3) (4) (5) . At least four polypeptides of 138, 131, 95, and 60 kDa comigrate with the TFIIIC-tDNA complexes. The 138-and 95-kDa subunits can be specifically crosslinked to tDNA by UV irradiation of TFIIIC-tDNA complexes (3) . Two additional polypeptide chains of 91 and 50 kDa, consistently found in affinitypurified factor, are also potential subunits of TFIIIC.
After binding to tDNA, or to the TFIIIA-5S gene complex, TFIIIC acts as an assembly factor to promote binding of TFIIIB to an upstream position. TFIIIB by itself is unable to detectably bind DNA (6) (7) (8) (9) . Once bound, however, TFIIIB becomes tightly associated with DNA and TFIIIB-tDNA complexes, artificially deprived of TFIIIC by heparin treatment, can direct multiple rounds of transcription by RNA polymerase III (7) . Bartholomew et al. (5, 10) have succeeded in identifying and mapping to specific DNA positions the components of TFIIIB and TFIIIC that associate with the Saccharomyces cerevisiae SUP4 tRNATYr gene. The 138-and 95-kDa subunits of TFIIIC, were mapped to the B and A blocks, respectively, whereas two polypeptides (90 and 70 kDa) from TFIIIB were crosslinked on opposite sides of the DNA helix in a 6-bp region located 35 bases upstream of the SUP4 tRNATYr gene transcriptional start site (10) . The TFIIIC 131-kDa subunit covered a very long stretch of DNA, since it could be crosslinked both upstream of the start site-i.e., close to the 70-kDa polypeptide of TFIIIB-and also in between the A and B blocks, together with the TFIIIC 60-kDa subunit. Binding of TFIIIB enhanced crosslinking of the 131-kDa subunit, indicating that TFIIIB brings the 131-kDa subunit closer to upstream DNA and suggesting that this subunit is the TFIIIB assembling subunit of TFIIIC (10) .
Recently, it has become clear that TBP (TATA-binding protein), originally thought to be necessary only for class II gene transcription, is an essential component of class I, II, and III transcription systems (11) (12) (13) (14) (15) . Two lines of results have clarified the role of TBP in class III gene transcription. First, the gene encoding the 70-kDa subunit of TFIIIB, PCF4 (16), TDS4 (17) , or BRFI (18), has been cloned as an allele-specific high-copy suppressor of mutations in TBP, suggesting an association between these two proteins. Second, TBP has been shown to be required for the stable assembly of TFIIIB on tRNA genes (19, 20) , to be part of the heparin-resistant initiation complex (17, 19, 20) , and to be recruited by the 70-kDa subunit after its assembly on the TFIIIC-tDNA complex (19) . Therefore, the role of TFIIIC is to assemble the initiation complex TFIIIB (that comprises the 90-and 70-kDa subunits and TBP)-TFIIIC-tDNA.
The genes encoding the 95-kDa subunit (21, 22) and the 138-kDa subunit (23) of TFIIIC have been cloned and found to be essential for cell viability. In this work, we report the cloning of TFC4, the gene encoding the 131-kDa subunit of TFIIIC, which is the presumed TFIIIB assembling subunit.t MATERIALS AND METHODS Purification of TFIIIC. Affinity purification of TFIIIC has been described (21) . Several preparations of the factor were pooled and loaded on a single well of an SDS/polyacrylamide gel. The polypeptide of 131 kDa was excised from the gel and peptide sequences were obtained as described (23) .
Cloning of TFC4. Four peptide sequences were obtained from tryptic digestion: ( tThe sequence reported in this paper has been deposited in the GenBank data base (accession no. L12722).
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at each cycle). Amplification of yeast genomic DNA using oligonucleotides 5'-TAYAAYATHCCNATHGAYAT-3' (coding for Tyr-Gln-Ile-Pro-Ile-Asp-Ile; peptide 2, direct) and 5'-GTCATNARNGGNCCYTCRAA-3' (coding for Phe-GluGly-Pro-Leu-Met-Thr; peptide 4, reverse) yielded a single amplified DNA band that revealed an uninterrupted reading frame (H is A, C, or T; N is A, C, G, or T; R is A or G; Y is C or T). The AEMBL3a yeast genomic DNA library was then screened by hybridization with this band.
Sequencing of TFC4. A 3354-bp BamHI and a 3159-bp EcoRI fragment from the same phage, both hybridizing to the PCR probe, were subcloned and sequenced. Double-strand DNA sequencing was performed with synthetic oligonucleotides to walk along the DNA sequence. Both strands were totally sequenced over the 4798-bp BamHI/EcoRI fragment using the Pharmacia T7 sequencing kit. All four tryptic peptides are found in this sequence, with only two errors. Data bank searches were performed using the CITI2 computing facilities (24) .
Disruption of TFC4. A 4024-bp Acc I/BstBI fragment containing TFC4 was inserted at the EcoRV site of plasmid Bluescript SK yielding plasmid pCK14 ( Fig. 1) . A 2016-bp Sty I/Afl II fragment of this plasmid was replaced by the 1778-bp BamHI/BamHI fragment of plasmid pSZ63 (25) carrying the yeast HIS3 selectable marker. In this construction, named pCK15, 65% of the TFC4 gene coding sequence was deleted (amino acids 170-839). Yeast strain CMY214 (a/a trpl-All trpl-Al, his3A200/his3A200, ura3-52/ura3-52, ade2-101/ ade2-101, lys2-801/lys2-801, canl/CANI) (26) was transformed with a 3850-bp Apa I/Sma I fragment from pCK15 carrying the disrupted TFC4 gene. Genomic DNA from four HIS' transformant colonies was prepared and digested with EcoRI and Eag I. A Southern blot (data not shown) using a 521-bp PCR fragment (positions 3029-3549 in plasmid pCK14) as a probe confirmed that the TFC4 gene was disrupted in three of these colonies. One of the transformants, YCK104, was retained and sporulated. Twenty-three asci were dissected and a 2/2 segregation of spore viability was observed for all asci. All spores, except those from a single ascus, were confirmed to be haploid cells.
Tagging of 7131 Sequence Analysis of x131. The overall sequence of T131 is rich in aromatic residues (11.0o) and contains 9 cysteines. Two acidic regions are found at positions 9-97 (37% acid) and 310-334 (58% acid) as well as two basic regions at positions 102-122 (57% basic) and 599-637 (44% basic) (Fig. 2) . Both basic regions include a stretch of five amino acids in a row, at positions 104 (KKKKK) and 604 (RKKKR) that could be part of nuclear localization signals. A short region (positions 919-946), at the end of T131, includes 5 histidine residues that could be involved in zinc chelation.
A search of the GenPro data bank (version 73) revealed a slight similarity between the sequences of T131, bimA (30) , and SSN6/CYC8 (31, 32) proteins. This prompted us to look for the presence of tetratricopeptide repeats (TPRs) (33) in the T131 sequence. Through visual inspection and use of a computer procedure based on the knowledge of numerous TPR units (C.M., unpublished data), we have observed that T131 contains 11 TPR motifs (Fig. 4) . A first block is made of five perfectly repeated TPR units (units 1-5), a second block comprises 4 units (units 6-9), and two units (units 10 and 11) are isolated. Such features are commonly found in TPR proteins (33) (34) (35) (33) . (Lower) The 11 TPR units of T131. Capital boldface letters denote the four conserved residues that form the "hole" (residues 4, 7, 8, and 11), the three residues that form the "knob" (residues 20, 24, and 27), and the unique proline residue often found at position 32 1  81  161  241  321  401  481  561  641  721  801  881  961 ..:,4
Biochemistry: Marck et al. (38) and other bHLH proteins, AS-CT5 (39), E-spl m5, and E-spl m7 (40), c-myc (41) and CBF1 (49) . The bHLH consensus is derived from that defined by Murre et al. (36) and from the set of sequences presented here. + Signs indicate the 3/4 repetitivity of the amphipathic a-helices (36); these positions, located on the same side of the helix, are generally occupied by hydrophobic residues (shown here in capital boldface letters). Other conserved residues are shown in lowercase boldface letters.
For the sake of compactness, part of the loop of T131 is written one line above helix 1 and helix 2. Sequence similarities of T131 and MyoD are rated according to the Dayhoffpairwise coefficients: *, >4; =, 4; +, 3; -, 2; blank, <2 (42) . Boldface letters in TBP sequence indicate similarity to T131.
The second basic region around residue 600 in fact constitutes the basic region of a bHLH motif (36) . Most of the conserved amino acids of the bHLH pattern are present in T131, in particular the conserved hydrophobic residues making up the two helices and the basic residues that precede helix 1 (Fig. 5) . Interestingly, among all bHLH proteins, the T13, bHLH motif most closely resembles that of MyoD (36, 37) . T131 and MyoD share inside the bHLH motif (except the loop), and in the 6 residues immediately upstream, a total of 29 identical or evolutionarily conserved (Dayhoff pairwise coefficient : 2) of 61 residues. The predicted loop extends from position 641 to position 678 and is longer than in other described bHLH motifs: 39 residues instead of 23 in As-CT5 (39) . We have also found sequence similarity between helix 2 of the T131 bHLH and yeast TBP (Fig. 5) . Assuming the same three-dimensional structure for yeast and Arabidopsis TBPs, this similarity lies in the H2 a-helix of TBP, which is believed to be the target of TBP-associating factors (38) .
DISCUSSION
We describe the cloning of TFC4, the gene encoding the 131-kDa subunit of TFIIIC that is thought to be responsible for assembly of TFIIIB upstream of the transcription start site. The encoded protein, r131, is shown to be essential in vivo and to be part of TFIIIC-tDNA complexes. The discovery of TPR units (Fig. 4) and of a bHLH motif (Fig. 5 ) in T131 sheds light on the molecular structures underlying the intriguing properties of TFIIIC.
Each TPR unit is made up of an underlying 34-residue pattern, of which 8 positions appear to be especially conserved (33) . These repeated motifs are believed to exist as "snap helix," where repeats are arranged as a-helices, punctuated by proline-induced turns, with "knob" and "hole" acting as associating motifs located on opposite sides of the helix (33, 43 (45) . This intriguing observation implied that dissociation of rA due to competitor single-stranded DNA (46) caused, in turn, the release of TB, which suggested the existence of a hinge region susceptible to proteolysis linking the TA and TB domains. (iii) TFIIIC undergoes a conformational change upon binding to TFIIIB. Upon addition of TFIIIB to TFIIIC-tDNA complexes, the crosslinking of T131 to DNA upstream of the transcription start site was enhanced, despite competition of the two factors for the photochemical reaction, indicating that T131 reached closer to DNA (10) .
TPR units have some structural properties that may account for the properties of yeast TFIIIC. Limited proteolysis of a TPR-containing protein generates a ladder ofpolypeptide bands at 3-to 4-kDa intervals, suggesting a selective cleavage at the proline-induced turn that punctuates the C-terminal end of each TPR unit (43) . Some TPR units could constitute the postulated protease-sensitive hinge region. In the snap helix model, each TPR unit (34 residues) forms an a-helix of -50 A. The A-B block distance extends from 31 to 93 bases (i.e., an increase of 220 A) in natural yeast tRNA genes. Several stacked TPR units-for example, TPR 1-9--could constitute a hinge and "unsnap" upon binding of TFIIIC to DNA and extend up to 220 A. This hypothesis would correlate with the finding that T131 extends downstream between A and B blocks (10) . Finally, as protein-protein interaction motifs, some TPR repeats could be involved in subunitsubunit interactions-with T95, for example-and participate in TFIIIB assembly that also generates considerable conformation changes revealed by DNA crosslinking (5, 10) . Interestingly, another repeating motif, the ankyrin repeat (43 residues), has been shown to serve as a molecular tether between subunits a and P of GA binding protein transcription factor (47 (10) . Since the 70-kDa component of TFIIIB can interact by itself with TFIIIC-tDNA complexes, it is a likely candidate to interact with T131. The presence of a conserved sequence in TBP and the bHLH motif of T131 suggests an interaction between the two proteins or a common target. More work, such as generation of point mutations in the bHLH region, will be necessary to assess whether this motif constitutes the docking part of T131 since most bHLH proteins found up to now bind to the conserved core sequence CANNTG and no such conserved motif is found upstream of tRNA genes.
